Apoptotic cells are quickly recognized and engulfed by phagocytes to prevent the release of noxious materials from dying cells. Phosphatidylserine (PS) exposed on the surface of apoptotic cells is a proposed "eat me" signal for the phagocytes. TMEM16F, a membrane protein with 8 transmembrane segments, has the Ca-dependent phospholipid scramblase activity. Here we show that when lymphoma cells were transformed with a constitutively active form of TMEM16F, they exposed a high level of PS that was comparable to that observed on apoptotic cells. The PS-exposing cells were morphologically normal, and grew normally. They efficiently responded to interleukin 3, and underwent apoptosis upon treatment with Fas ligand. The viable PS-exposing cells bound to peritoneal macrophages at 4°C, but not at 25°C. Accordingly, these cells were not engulfed by macrophages. When apoptotic cells were injected i.v. into mice, they were phagocytosed by CD11c + CD8 + dendritic cells (DCs) in the spleen, but the PS-exposing living cells were not phagocytosed by these DCs. Furthermore, when PS-exposing lymphoma cells were transplanted s.c. into nude mice, they generated tumors as efficiently as parental lymphoma cells that did not expose PS. These results indicated that PS exposure alone is not sufficient to be recognized by macrophages as an "eat me" signal.
Introduction
Many harmful and unnecessary cells are generated during animal development, and they undergo apoptosis (1) . In adults, senescent cells and virus-or bacteria-infected cells are removed by apoptosis (2) . Apoptotic cells are swiftly engulfed by macrophages or immature dendritic cells to prevent the release of noxious materials from the dying cells that may activate the immune system, leading to the autoimmune disease (3, 4) .
Macrophages specifically engulf apoptotic cells, but not living ones, indicating that the dying cells present an "eat me" signal(s) to the phagocytes. Phosphatidylserine (PS), which is present on the inner leaflet of plasma membranes in healthy cells, is quickly exposed to the outer plasma membrane of apoptotic cells, and has been proposed as an "eat me" signal (5) . In fact, masking the PS on apoptotic cells inhibits their engulfment in vitro and in vivo (6, 7) , strongly supporting the identification of PS as an "eat me" signal.
The asymmetrical distribution of phospholipids on the plasma membrane is mediated by various transporters (8) : ATP-dependent aminophospholipid translocase or flippase transports aminophospholipids from the outer leaflet to the cytoplasmic side. In addition, a Ca-dependent scramblase bidirectionally transports phospholipids. We recently identified TMEM16F (Transmembrane protein 16F), also called anoctamin 6, as this phospholipid scramblase (9) . During that study, we noticed that an Asp-to-Gly point mutation at amino acid position 409 renders the molecule constitutively active; cells that express this mutant form of TMEM16F constitutively expose PS on their surface.
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In this report, we found that there is an alternatively spliced variant of mouse TMEM16F. Mouse lymphoma cells expressing the TMEM16F splice variant with the Asp-to-Gly mutation exposed more PS than those expressing the authentic TMEM16F splice form with the same point mutation. These high-PS-exposing lymphoma cells grew normally, and responded normally to interleukin (IL) 3 by proliferating and to Fas ligand (FasL) by becoming apoptotic. The level of PS exposed on these cells was comparable to that observed on apoptotic cells. However, peritoneal macrophages did not engulf the viable PS-exposing cells, even though they efficiently engulfed apoptotic cells in a PS-dependent manner. When these living PS-exposing cells were transplanted into nude mice, they grew as aggressively as the parental lymphoma cells. These results indicate that although PS exposure is essential as an "eat me" signal, it is not sufficient for the apoptotic cells to be engulfed.
Results
PS exposure by TMEM16F mutants. We previously established a subline of Ba/F3 that strongly exposes PS in response to a Ca-ionophore (9) . Expression cloning of the gene responsible for the PS exposure in this cell line identified a mutant TMEM16F that carried an Asp-to-Gly point mutation at codon 409 (D409G) (Fig. 1A) . Further screening of the library led to the identification of the cDNA for a splice variant with the same point mutation generated by the insertion of an extra exon from intron 1 of the TMEM16F gene (Fig. 1B) . The protein (D430G-long or D430G-L) which carried an extra peptide of 21 amino acids at amino acid position 24 ( Fig. 1C) , showed scramblase activity that was apparently stronger than that of the D409G. As shown in Fig. 1D , introduction of the wild-type TMEM16F into Ba/F3 did not confer the cells to expose PS. When the D409G mutant was expressed in Ba/F3, about 70% of the cells constitutively exposed PS. On the other hand, Ba/F3 cells expressing D430G-L exposed PS more strongly than those expressing D409G, indicating that the 21-amino acid insertion in the first cytoplasmic region of mouse TMEM16F has a positive effect on its scramblase activity. A similarly high level of PS exposure was observed when D430G-L was expressed in mouse WR19 cell transformants (W3-Ildm) expressing mouse Fas and the caspase-resistant form of ICAD (inhibitor of caspase-activated DNase) (10) (Fig. 1D) .
Effect of constitutive PS exposure on cell growth and apoptosis. The asymmetrical 6 distribution of phospholipids on the inner and outer plasma membrane is thought to be important for maintaining the integrity of plasma membranes (8) . However, the Ba/F3-D430G-L cells, which constitutively exposed PS, grew as efficiently as the parental Ba/F3 cells; the doubling time of both Ba/F3 and Ba/F3-D430G-L cells in the presence of 100 units/ml mouse IL-3 was 11.5 h (Fig. 2A) . Accordingly, the dose-dependent response of the Ba/F3-D430G-L cells to IL-3 was comparable to that of the parental Ba/F3 cells (Fig.   2B ). The expression of the TMEM16F mutant or constitutive exposure of PS also had no effect on the growth of W3-Ildm cells ( (Fig. 3A) .
When cells undergo apoptosis, their size decreases and cellular granularity increases (12) . Accordingly, when the W3-Ildm and W3-D430G-L cells were treated with FasL for 2 h, the FSC decreased from 118 to 68, and SSC increased from 66 to 127 in both cell lines ( specifically recognizes PS, independent of Ca (13) , and it bound to the W3-D430G-L cells about as well as to the apoptotic W3-Ildm cells, indicating that both populations exposed PS at comparable levels (Fig. 3B ).
The PS exposure was then examined by confocal fluorescence microscopy. As shown in Fig. 3C , almost none of the living W3-Ildm cells were labeled much, if at all, by FITC-labeled MFG-E8. In contrast, the shrunken and rounded FasL-treated W3-Ildm cells uniformly bound MFG-E8. The lack of microvilli on the cell surface of the FasL-treated cells confirmed that they had undergone apoptosis (14) . The living non-apoptotic W3-D430G-L cells were also uniformly labeled with MFG-E8, but the cells were distorted, and their microvilli were visible (Fig. 3D) . Treatment of the W3-D430G-L cells with FasL caused them to shrink and become rounded, accompanied by smoothing of the cell surface, but it did not enhance their ability to bind MFG-E8, confirming that the level of exposed PS did not differ between the living and apoptotic W3-D430G-L cells.
No engulfment of the PS-exposing living cells by macrophages. Cells expressing the
caspase-resistant form of ICAD do not undergo apoptotic DNA fragmentation (10) . When these cells are engulfed by macrophages, DNase II in the lysosomes of the macrophages cleaves the DNA of the apoptotic cells. Using this system, we could distinguish the cells inside macrophages from those bound to the macrophage surface, to assay the engulfment of apoptotic cells (13) . When FasL-treated W3-Ildm cells were co-incubated with thioglycollate-elicited peritoneal macrophages, 35-38% of the macrophages were stained with TUNEL (Fig. 4A ). Microscopic observation of the macrophages confirmed that the apoptotic TUNEL-positive cells were inside the macrophages (Fig. 4B ). The engulfment of the apoptotic W3-Ildm cells was PS-dependent, because it could be inhibited in a dose-dependent manner by the D89E mutant of MFG-E8 (Fig. 4C ), which masks PS (13).
On the other hand, like living W3-Ildm cells that did not expose PS, the PS-exposing living W3-D430G-L cells were not engulfed by the macrophages, although the cells could be engulfed after they were treated with FasL ( Fig. 4A and B).
Mouse resident peritoneal macrophages express Tim-4, which specifically binds PS (15) . To examine whether the PS exposed on W3-D430G-L cells was sufficient for the cells to bind macrophages, the cells were labeled with the cell-tracker CMRA, and incubated with macrophages. As shown in Fig. 4D and E, when the co-incubation was performed at 
Discussion
In this report, we found that the insertion of a 21-amino acid peptide at the N-terminal cytoplasmic region of TMEM16F strengthened the scramblase activity of its constitutively active mutant. Treating the cells with a Ca-chelator blocked the PS exposure caused by the mutant, suggesting that the mutant still required Ca for the scrambling activity. We used these high-PS-exposing cells to study the effects of cell-surface PS on cell growth and recognition by macrophages.
We found that mouse lymphoma cells exposing a high level of PS could efficiently respond to cytokines, and grew normally in vitro and in vivo. In cells expressing the D409G mutant of TMEM16F, not only PS, but also phosphatidylethanolamine is exposed, and phosphatidylcholine and sphingomyelin are constitutively internalized (9) , suggesting that the asymmetrical distribution of phopsholipids is largely disrupted in these cells. When IL-3 and FasL bind to their receptors, the resulting ligand/receptor complexes are internalized through the lipid raft/caveolar pathway for signal transduction (18, 19) . Lipid rafts are heterogeneous domains of cell membranes that are rich in cholesterol, glycosphingolipids and phospholipids, and lipids play an essential role in maintaining the integrity of rafts (20) . In this regard, it was very surprising to find that the PS-exposing found that mouse lymphoma cells exposing PS were not engulfed if they were alive. This may agree with the previous report that the PS-exposure alone on apoptotic cells is insufficient to be recognized by human monocytes-derived macrophages (30). Borisenko et al (31) proposed that macrophages have a sensitivity threshold for the externalized PS for engulfment. However, the level of PS exposed on the surface of the viable W3-D430G-L was comparable to that observed on apoptotic cells, yet the former were not engulfed by macrophages, indicating that the PS level was not critical for determining whether the cells are engulfed or not.
We found that the living PS-exposing cells bound to Tim-4-expressing resident peritoneal macrophages at 4°C, but not at 25°C, whereas the apoptotic cells quickly and 13 tightly bound the same macrophages at 25°C. These results suggest that PS exposed on the living cells is qualitatively different from the PS on apoptotic cells. Human Jurkat cells undergoing apoptosis expose oxidized PS (32), and MFG-E8, an opsonin for apoptotic cell engulfment, binds to oxidized PS with higher affinity than to non-oxidized PS (33) . It will be interesting to examine whether or not the oxidization of PS exposed on viable cells allows them to be phagocytosed by macrophages.
Other possible differences between viable and apoptotic PS-exposing cells are that viable cells present "don"t eat me" signal(s) or apoptotic cells expose additional "eat me"
signal(s) (3). Various molecules such as CD47, CD31, and PAI-1 (34-37) have been proposed as "don"t eat me" signals. The PS-exposing W3-D430G-L cells do not express
CD47, and antibodies against CD47 or its receptor SHPS-1 did not promote the engulfment of living W3-D430G-L cells by macrophages, indicating that CD47 is not responsible for preventing the engulfment, at least in this system. Regarding additional "eat me" signals, Gardai et al (38) reported that calreticulin is exposed on apoptotic cells, and promotes their engulfment. However, bovine calreticulin had no effect on the engulfment of W3-D430G-L cells by macrophages.
In conclusion, we showed here that PS exposed on apoptotic cells is required but not sufficient for the dead cells to be engulfed. Another mechanism(s), a modification of PS, or additional molecules that could be "don"t eat me" or "eat me" signal(s), must be involved for the efficient engulfment of apoptotic cells. The cell line established in this report, which strongly exposes PS while remaining viable, will be useful for elucidating how macrophages recognize apoptotic cells for engulfment. Laboratories) and 1-Methoxy-5-methylphenazinium methylsulfate as described (11) . To detect PS, cells were stained at 25°C for 5 min with 1,000-2,000-fold diluted Cy5-labeled Annexin V (Biovision) or 800 ng/ml FITC-MFG-E8 in staining buffer [10 mM Hepes-KOH (pH 7.4) containing 140 mM NaCl and 2.5 mM CaCl 2 ], followed by incubation with 500 nM SYTOX Blue, and analyzed by FACSAria. For microscopic observation, 2 × 10 5 cells in 8-well Lab-Tek II chamber slides (Nalge Nunc) were incubated on ice for 15 min with 4 g/ml FITC-MFG-E8 in staining buffer, and observed by fluorescence microscopy (FV1000-D, Olympus).
Mice
Preparation of macrophages, and in vitro phagocytosis assay. Resident peritoneal macrophages were prepared from of 6-12-week old C57BL/6J mice as described (15) . To prepare thiogycollate-elicited peritoneal macrophages, the mice were injected with 60 mg of thioglycollate, and the peritoneal macrophages were collected 4 days later. The in vitro phagocytosis assay was performed as described previously (13, 42) . In brief, 6 × 10 5 thioglycollate-elicited peritoneal macrophages were grown overnight in 12-well cell culture plates (Corning). Apoptotic or PS-exposing cells (3 ×10 6 ) were added to the macrophages, and the mixture was incubated at 37ºC for 2 h in the presence of 1 g/ml rat anti-mouse FcRII/III. Macrophages were detached from the plate by treatment with 0.25% trypsin in PBS containing 1 mM EDTA, and stained with APC-conjugated rat anti-mouse Mac-1, followed by TUNEL staining with FITC-labeled dUTP (Roche Molecular Biochemicals). Mouse Ba/F3 and Ba/F3-D430G-L cells were seeded at 10 4 cells/ml in 1 ml of RPMI1640 medium containing 10% FCS and 100 units/ml mouse IL-3, and cultured at 37°C for 6 days.
The cells were split 1:100 every 3 days, and their growth was followed. (B) Ba/F3 and Ba/F3-D430G-L cells were washed with RPMI1640 containing 10% FCS, and cultured at 
